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ABaPHACT 


An  analytical  and  ezperloental  Investigation  of  "plasna" 
oagnetrons  with  snooth-bore  anodes  is  described.  Secondary- 
emission  yield  of  several  materials  is  investigated  and  the 
region  in  which  limiting  anode  currents  are  obtained  is  re¬ 
lated  to  the  operation  of  conventional  magnetrons.  Basic 
phenomena  caused  by  Philips -ion-gage  discharge  particles  ai*e 
described,  with  particular  emphasis  on  the  sheath  region. 

The  phenomena  underlying  the  build-up  of  smode  current  are 
elucidated. 
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I.  nrCRODUCTIOH 


Ihe  magnetron  with  a  dlstrlbuted-emlaslon  cathode  has  been 

1  2 

shown  to  convert  dc  to  ac  with  hl{^  efficiency.  ’  FLaasa-magne- 
trons  with  smooth-bore  anodes  have  been  Investigated  for  the  pur¬ 
pose  of  Increasing  the  output  power  of  magnetrons  as  veil  as  for 
exploring  the  plasma  boundary  In  a  magnetic  field.  ^ 

The  behavior  of  such  tubes  depends  largely  on  the  secondazy- 
emlaslon  yield  of  the  cathode  material.  The  hlg^r-yleld  cathode 
Is  used  with  lower  anode  voltages,  where  appreciable  turbulent 
flow  Into  the  anode  occurs  even  under  very  good  vacume  conditions. 
With  lower-yield  secondsuy-amlsslon  cathodes,  the  anode-voltage 
can  be  Increased  to  a  fairly  high  value  without  any  appreciable 
anode  current.  In  the  latter  case,  many  of  the  carriers  are 
supplied  through  an  Ionization  process. 

Bie  region  where  the  anode  current  Increases  rapidly  with  the 
anode  voltage  for  an  alunlmmi  or  a  magnesium  cathode,  which  has  a 
high  secondary-emission  ratio,  should  be  related  to  the  operation 
of  usual  magnetrons.  Ihls  region  has  been  Investigated  for  the 

0  1|. 

purpose  of  getting  optlmnn  dimensions  of  the  Interaction  space. 

A  region  vhex*e  the  anode-voltage  builds  up  without  an  appreciable 
anode  current,  as  obtained  with  a  stainless-steel  cathode  which 
has  a  comparatively  low  secondary-emission  yield,  may  be  Interesting 
for  another  reason.  The  hlgd^-energy  particles,  which  move  back 
and  forth  along  the  curved  magnetic-field  lines  owing  to  FIO 
action,  nay  cause  a  hl^  kinetic  temperature  In  the  plasma. 

the  experiments  to  be  described  were  planned  to  Investigate 
the  basic  phenomena  caused  by  the  FlO-dlseharge  particles,  with 
particular  e^^iasis  on  Imvestlgatlng  the  sheath  region.  Though 
magnetron  structures  were  used  for  the  experiment.  It  may  be 
pbsflble  to  replace  one  metal  boundary  with  a  plasma.  In  this 
situation  both  electron  and  Ion  sheaths  are  possible y  depending 
on  the  potentials.  Although  only  metal  boundaries  are  discussed 
la  this  report,  It  nay  also  provide  some  basic  lafoimatlon  about 
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(U.  EXFERIMElim  FROCXDURB) 

the  ion  sheath  as  the  counterpart  of  the  electron  sheath. 

Ihe  aost  interesting  results  have  been  obtained  in  the  in¬ 
vestigation  of  the  space-charge  behavior  of  a  aagnetron  with  a 
stainless-steel  cathode.  Since  the  low  secondary-eaission  yield 
of  the  stainless-steel  cathode  allows  the  anode  voltage  to  be  in¬ 
creased  to  Bore  than  a  few  tens  of  kilovolts  without  an  appreciable 
anode  current,  many  interestlxtg  idienosiena  have  been  revealed  that 
were  previously  hidden  behind  the  build-up  of  the  anode  current 
in  aagnetrons  with  alwinua  or  aagneslus  cathodes. 

As  an  application  to  the  investigation  of  the  notion  of 
particles  in  crossed  fields,  the  values  of  the  fields  for  optlaal 
bunching  in  a  aagnetron  are  also  obtained. 

All  fozvulas  are  in  NKS  units  unless  otherwise  specified. 

U.  BCPBtZNBRAL  FROdDORE 

n>e  experlaental  eqiolpsent  used  is  shown  scheaatlcally  in 
Fig.  1.  The  noise  at  the  anode,  the  cage-currexit  characteristics. 


Choke 


n.g.  1.— Sehsnatic  of  exq^rlaental  eq^lpaeat. 
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(II.  EXPERINENTAL  FROCESURE) 

and  the  frequency  epectra.  in  a  given  frequency  region  were  aeasured 
as  the  experimental  factors  of  primary  Interest.  Ihe  relation  be¬ 
tween  anode  voltage  and  anode  current  under  various  magnetic  fields 
was  also  Investigated. 


The  devices  tested  are  shown  In  FLg.  2.  The  data  relating 
to  the  three  devices,  which  are  described  In  Table  1,  will  be  pre 
seated  In  the  following  pages.  The  cages  Installed  In  their 


ZABLE  I.— Devices  tested. 


^nbol  of 
device 

Cathode 

material 

WM 

(ck) 

d 

(cm) 

number 
of  cages 

^lagsten 

filament 

SS-2.4 

Stainless  Steel 

15.26 

10.5 

B] 

2 

yes 

SS-1.1 

Stainless  Steel 

15.26 

13.0 

D 

2 

yes 

AI-2.45 

1 

1 

15.1^ 

10.5 

mm 

3 

no 

respective  devices  az«  numbered  from  the  one  nearest  to  the  cen¬ 
tral  part  of  the  device.  They  are  used  for  diagnosing  the  character 
of  Pia-dlseharge  electrons  In  the  Interaction  space.  A  tungsten 
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(m.  CBARACmiSTICS) 

filament  >  projecting  several  alUlmeters  from  the  stcdnless-steel 
cathode  Into  the  anode-cathode  space,  at  the  cage  position,  Is 
used  for  detecting  the  frequency  spectra  of  FZO-dlscharge  current. 
(Xt  was  Installed  originally  to  provide  sore  electrons,  to  coispen- 
sate  for  small  secondary  esdLsslon. } 

The  value  of  the  magnetic  field  produced  by  the  magnet  coll 
refers  to  the  central  part  of  the  device.  If  nothing  Is  noted 
about  the  anode  condenser  (C^  -  0.^  (if).  It  may  be  understood  that 
It  Is  removed  from  the  eq^lpeent.  A  hydrogen  leak  Issued  for 
controlling  the  gas  pressure  Inside  the  devices  (SS-2.k)  and 
(SS-l.l). 


III.  RELATIOIIS  ANOVa  AKODE  VOLZACB,  AMODE  CURREin;  AID  MAGHEHC  FIEU) 

Voltage-current  characteristics  for  (SS-2.k)  are  Illustrated 
In  Fig.  3  vlth  magnetic  field  and  hydrogen  pressure  as  parameters; 


0.5  1  1.5 

I^  (amp) 


Fig.  3*— Goatparlson  of  voltage-ciurrent  char¬ 
acteristics  for  (88-2. k)  and  (AI-2.45). 
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(III.  CHARACTERISTICS) 

they  are  compared  with  the  characteristics  for  (A1-2.45)<  The 
difference  between  the  secondary-emission  yields  of  the  stainless- 
steel  and  the  alualnus  cathodes  accounts  for  the  markedly  different 
characteristics.  The  hydrogen  pressure  does  not  greatly  affect 
the  value  of  anode  voltage  where  the  anode  current  builds  up  ab¬ 
ruptly  for  (SS-2.4).  a  relation  between  anode  current  and  gas 
pressure  Is  shown  In  Fig.  h,  which  gives  a  linear  dependence  of 
on  p  (pressure). 


Fig.  4. --Illustration  of  llneau:  dependence  of 
I^  on  p. 

From  Figs.  3  and  4  we  see  that  the  I-V  characteristic  does 
not  appreciably  change  with  pressure,  except  for  the  smooth  In¬ 
crease  In  cxirrent  at  a  given  voltage.  Fhom  this  result  we  may 
Infer  that  the  basic  space -charge  pattern  In  the  crossed-fleld 
region  Is  not  greatly  affected  by  the  gas  pressure  (measurements 
have  been  made  below  10~^  tm  of  Bg)  but  the  electron  scattering 
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(III.  GHARACIBRISnCS) 

7 

towards  the  anode  is  affected  by  the  px^ssure. '  This  result  is 
easily  conceivable  if  the  magnetic  jnressure  is  considered  to  be 
much  hlc^er  than  the  gas  pressure.  Suppose  >  10  kV,  B  ■  0.0312 
veber/m^,  and  a  Isaalnar-flow  situation  holds.  A  simple  calculation 
shows  that  the  electron  circulating  current  amounts  to  28.7  ssip/m, 
which  determines  the  dlffennce  between  the  magnetic  fields  at 
aziods  side  and  at  cathode  side  in  the  gap  region.  The  corresponding 
difference  of  the  pressures  at  both  sides  may  be  expressed  as 

Ap^  B*aH  (l) 

where  A  H  is  given  by  the  circulating  current.  If  B  ■  0.0312 
veber/m^  and  AE  ■  28.7  ■■?/>>>  AP  —0.9  V/m^  70  uBg.  This 
calculation  Illustrates  the  fact  that  much  hlc^r  density  of  ions 
than  that  given  by  the  gas  pressure  does  exist  on  the  surface  of 
the  cathode. 

The  voltage-current  characteristics  for  the  (SS-l.l)  device, 
whose  separation  distance  between  anode  and  cathode  is  about  halT 
that  of  (SS-2.k),  are  illustrated  in  figs.  3  and  6. 

The  bumps  in  the  I-V  characteristic  for  the  narrow  spacing 
were  not  found  in  the  previously  discussed  devices.  However,  the 
symptoms  of  these  irregulsndtles  are  found  even  in  the  (SS-2.k) 
device  when  noise-measurements  are  made  with  it.  These  irregular¬ 
ities  are  described  in  the  latter  sections. 

The  crest  value  of  the  anode  current  at  a  bm^p  increases  with 
gas  pressure  and  the  corresponding  voltage  is  detezmlned  only  by 
the  Mignetlc  field.  The  value  of  both  the  voltage  and  the  current 
at  the  crest  Increases  with  increasing  aasaetic  field.  The  crest 
value  nay  be  considered  to  correspond  to  the  '^wximun-current 
boundary"  for  the  device.  It  is  strongly  affected  by  the  surface 
condition  of  the  electrode.  If  the  secondary-emission  ratio  of 
a  surface  is  very  hicd>  the  maxiam-current  boundary  becomes  corres¬ 
pondingly  large.  With  the  alusinma  cathode,  for  example,  it  was 
not  attainable  owing  to  power  limitations. 
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(III.  CHARACTERISTICS) 


(III.  CHARACmilSTICS) 


Fig.  6.— Voltaga-cxirreut  charactcrlatlcs  for 
(SS-l.l)  vlth  sBote  eondAnitr. 
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(IV.  NOISE  AX  ANOmt) 


IV.  NOISE  AT  ANODE 

Qie  noise  ccsqponent  of  the  anode  voltage  was  meastired  with  an 
oscilloscope  and  the  approxloate  effective  value  Is  plotted  as  a 
function  of  the  dc  anode  voltage  and  the  aagnetlc  field  In  Figs. 

7  throuj^  12.  Since  the  pattern  of  the  anode  noise  Is  quite  var¬ 
iable,  as  shown  In  Fig.  10,  a  value  of  noise  voltage  read  from  an 
ordinate  has  only  a  qualitative  neanlng. 

The  data  In  Figs.  7  and  11  are  taken  without  anode  condenser 
for  the  (SS-2.1f)  and  (SS-l.l)  devices,  respectively;  the  hl^  noise 
voltage  observed  has  tisually  a  fundanental  frequency  In  the  range 
frcn  several  tens  to  a  few  hundreds  of  kilocycles.  This  large 
anplltude  of  noise  has  no  particular  dependence  on  the  dc  anode 
voltage,  nagnetlc  field  and  hydrogen  pressure.  The  anode  capaci¬ 
tance  of  0.^  ^f  can  stop  the  large  variation  of  the  anode  voltage, 
as  Is  clear  frco  Figs.  8,  9,  10,  and  12.  The  noise  conponent.  In 
this  case,  previously  hidden  behind  the  large  amplitude  of  low- 
freqpency  noise,  appears  over  the  hl^ier-freqpency  region.  The 
condenser,  which  Is  effective  In  shorting  the  noise  voltage  In  the 
hundred -kilocycle  region,  behaves  like  an  Inductive  reactance  for 
the  megacycle  noise  freq]uencles.  The  noise  observed  with  the  con¬ 
denser  Inserted  Is  characterized  by  a  fundamental  frequency  in  the 
range  beyond  about  10  Me  and  by  being  nodulated  with  a  frequency 
between  several  tens  and  a  few  hundreds  of  kilocycles. 

The  correlations  between  Figs.  11  and  5  end  between  Figs.  12 
and  6  are  reauurkable  In  that  the  peaks  In  anode  current  are  adweys 
accompanied  by  the  peaks  In  anode  noise.  It  should  be  particularly 
emphasized  that  the  positions  of  the  noise  curve  peaks  In  the  lower 
magnetic-field  region  (shown  In  Figs.  1,  8,  11,  and  12)  change 
approximately  as  a  function  of  V^/B  .  Scan  typical  examples  are 
Indicated  with  the  maiks  of  arrows  connected  by  dotted  lines.  The 
V^/^  value  is  kept  constant  along  each  dotted  line.  On  the  other 
hand  It  appears  that  the  value  Is  kept  constant  In  the  hlc^r 
magnetic-field  region  as  shown  by  the  simple  arrowmarks  in  Fig.  7« 
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(IV.  NOISE  AT  ANODE) 


250  gauss  for  Pig.  9 
(V^  -  12kv) 

|20v 


300  gauss 


20v  g 


2000  gauss  for  Pig.  9 
(V.  »  12kv) 

*  i  .  r 

20v 


319  gauss 


625  gauss 


20v 


20v  h 


•  ^ — I  I  ■  I _ i—j _ I _ I  ■ 

^J^a/unit  section 
2^00  gauss 


20v 


Ws/unit  'section 

1123  ga\i8s 

iL  lIL  M.lkMtLiLk 

T^TnnrWTTr^ 


5m8/uni-t  section' 

20kv,  625cSau8Sj 
8.5  X  iql^  an  of  Hg 

2000V 


t-  I  i  I  ■ I- .  I  I  I  I  I  I 

lOus/unit  section 


1625  gauss 


■1 .  i.  I  .1 - L_  J - 1 - 1 _ I _ I 

lOus/unit  sectira 


4kv,  1^60cgau8s, 


1.7  X  10 


of  Hg 


lOOOv 


I  I  I  I  I — I — I  t  I  I  I 
Sms/xinit  section 


>  t  I  I  I.  I  I — ‘  ‘  ' 

20us/unit  section 


Pig.  10.— Anode  noise  patterns  for  (88-2.4): 
a-h,  with  anoda  condenser  (l2kv, 
1.4  X  10-*  an  of  Hg); 
i-J,  vithout  anode  condenser. 
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Tig.  U.—Aaodi  BolM  eharaotarlvties  without  anodi  oondtaMr 
for  (SS-l.l). 
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(IV.  MOISE  AT  ABODE) 


Boise 


Fig.  12.— Anode  noise  etanmeterlstlcs  with 
•nods  condenser  for  (SS-l.l). 
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(IV.  MOISB  AS  AKSB) 

Oie  hle^-freq.tMBcy  conpoMBt*  of  the  nodulated  vmve  pattern*' 
•boim  In  Fig.  10  vere  not  investigated  s/stenatleally,  because  of 
neasurenent  difficulties.  However >  it  has  been  observed  that  the 
freq]aency  ranges  over  a  band  of  a  few  tens  of  megacycles  >  and  does 
not  change  appreciably  with  the  magnetic  field  or  the  anode  voltage. 
Occasionally  it  Increases  a  little  with  the  anode  voltage.  Also 
occasionally  it  was  found  to  change  in  proportion  to  the  drift 
velocity. 

The  value  of  the  freq.uency  of  about  100  kc,  which  is  observed 
as  the  anode  noise  without  the  anode  condenser,  is  not  caused  by 
the  external  circuit,  as  discussed  below.  She  capacitance  between 
anode  eud  cathode(  ground ),  which  is  estimated  to  be  a  few  hundred 
picofarads,  and  the  water-resistor  of  about  7  K  at  the  anode 
circuit  correspond  to  a  time  constant  of  about  1  psec— about  the 
same  as  the  restoring  time  of  the  anode  voltage  in  Fig.  10-1. 

She  probable  cause  of  the  large  amplitude  of  noise  is  a  periodic 
ion-depletion,  idiere  the  period  is  mainly'  deteimlned  by  a  diffusion 
time  for  the  neutral  gas  from  the  cathode  area  to  the  anode  area. 

She  succeeding  Ionisation  process  is  expected  to  occur  and  cease 
cos^paratlvely  rapidly.  She  following  nimerleal  calculation  tends 
to  support  this  assimiptlon.  Suppose  the  temperature  of  the 
neutral  gas  is  lOO^C  (since  the  electrodes  Kn  water  cooled):  the 
average  velocity  in  the  radial  direction  is 

V  ■  V  2  k  T/*  m  ^  1400  m/sec 
r  g 

for  the  hydrogen-atom  gas.  Shis  value  req]ulres  about  17  kisec 
for  an  atom  to  pass  throuid^  the  irtwle  separation  distance  between 
anode  and  cathode  of  the  (SS-2.4)  device.  If  we  compare  this  time 
with  the  period  of  the  relaxation  oscillation  in  fig.  10-1,  for 
example,  we  see  that  the  two  times  agree  fairly  well. 

If  the  anode  voltage  is  relatively  small  in  texms  of  the 
magnetic  field,  the  eyclotron  dlsMter  of  an  ion  can  become  smaller 
than  the  separation  distance  between  anode  and  cathode  and  it  may 
stay  in  the  interaction  space  for  a  relatively  long  time.  A 
plasma  layer  may  be  ej^ected  around  the  cathode  for  this  situation 
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(V.  VOISB  OBSSRVAfZOlB  VTOL  FROBi) 

o 

and  vsrioua  kinds  of  plawMi  InstablUtlas  may  occur.  Ihe  voltage 
pattern  shown  In  Fig.  10-J  may  be  attributed  to  this  kind  of 
jdienanenon. 


V.  OBSSRVAHOIS  OP  XOISB  WHS  TUMOSTBII  PROBE 


Since  the  anode  noise  Is  only  Indirectly  related  to  the  clr- 
cusferentlal  notion  of  the  electrons,  direct  neasurenents  of  this 
notion  cannot  be  obtained  frcn  the  external  circuit.  A  probe 
should  therefore  be  used  for  the  fuirther  Investigation  of  the 
space-charge  behavior.  Figure  13  shows  exaiq^es  of  the  frequency 
spectra  of  the  tungsten-probe  noise.  Though  slsdlar  behavior  Is 
observed  with  the  anode  noise  as  well  as  with  the  cage  noise,  the 
tungsten  probe  was  found  to  be  nost  useful  for  the  neasurenent  of 
the  effects  of  the  circulating  electron  bean.  Clreulatlng  fre¬ 
quencies  are  Indicated  In  the  figure  that  are  calculated  frcn  the 
fanlUar  relation^ 


^clr  “  2 


1  -  V  1  -  (v^/v^) 


(2) 


where  f  is  the  cyclotron  frequency  of  electron  and  V  is  the 

c  c 

cutoff  voltage  of  the  na^ietroa. 

Rron  Fig.  13(a)  to  (f),  the  anode  voltage  Is  fixed  at  20  kv 
and  the  nagnetlc  field  Is  taken  as  the  panoseter.  It  nay  be  noted 
that  a  sharp  peak  noise  Is  found  In  the  region  near  438  gauss, 
and  a  broad  peak  noise  exists  In  the  region  near  1300  gauss.  The 
results  of  various  obsezvatlons  including  Fig.  13  signify  that 
there  are  nany  nodes  over  a  wide  frequency  range  In  the  cavity 
space  and  that  sosm  of  thm  are  excited  by  the  circulating  electron 
bean.  If  the  frequency  of  a  node  Is  related  to  the  circulating 
frequency  by  an  Integral  ratio,  the  node  Is  strongly  excited. 

Since  nany  nodes  are  distributed  over  a  broad  frequency  range,  the 
nolse-spectrai  patterns  appear  to  be  nodulated  with  the  circulating 
frequency  and  Its  hamonlcs. 

If  the  anode  voltage  and  the  nagnetlc  field  are  In  a  certain 
relation  the  noise  Is  very  large,  which  seens  to  Indicate  the 
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(V.  NOISE  OBSERVATIONS  WITH  PROBE) 


(V.  ifoisB  (ffiSKRVAnon  win  probe) 

fomatlon  of  strong  bunches.  According  to  llg.  13 >  •  strong  bunch 
■egr  be  fomed  at  20  kv,  MiO  gsuss  and  at  kv,  375  gauss.  These 
cosd>laatlons  exactly  correspond  to  the  second,  noise  peaks  of  the 
noise  curves  In  llg.  7  in  spite  of  the  difference  In  the  gas 
pressures  in  the  two  cases.  Since  there  Is  a  noise  peak  In  the 
hljdi-fleld  region  (see  fig.  13-3)  >  ve  alcdit  eiq^t  that  bunching 
action  also  takes  plsMe  there.  A  possible  plasma  fonsatlon,  which 
changes  the  effective  cathode  position,  may  be  responsible  for  the 
broad-peak  characteristic  In  the  hl|^r  magnetic-field  region. 


fig.  1^. — Boise  at  tunnten  fUaswnt  for  particular 
frequencies  (5*1  *  10"5  mm  of  Hg,  SS-2.4). 

figure  l4  depicts  the  presence  of  particular  mode  frequencies. 
One  resonance  frequency  Is  very  close  to  50  Me.  The  number  of 
bunches  was  ejq>lored  from  the  frequency  spectra  in  the  hlc^er  fre¬ 
quency  range.  The  hi|d>*r  haz«onios  usually  made  it  difficult  to 
detezalne  the  exact  frequency.  In  the  cases  depicted  In  fig.  13 
(a)  and  (e),  the  conspicuous  noise  peaks  were  found  In  the  hlj^r- 
frequeney  region:  around  1230  Me  for  (a)  and  around  220  Me  for  (e). 
If  the  circulating  frequencies  are  taken  frcsi  the  calculated  values, 
the  ratios  of  noise-peak  to  rotation  frequency  are  about  l8  and 
17,  respectively,  for  the  maber  of  bunches.  Since  the  value  of 
2x  1^/d  is  about  17  (where  is  the  mean  radius  of  the  Interaction 
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(VI.  PARTICLE  DIACnOSIS  WITH  CAOBS) 
■pace),  the  above  observatlone  cheek  well  with  a  prevloue  report 

If 

concerning  a  elnllar  configuration. 

VI.  DIACnOSIS  OP  PIO  DISCHAROE  PARTICLES  WITH  CAOBS 

Suppose  that  the  secondary-emission  yield  of  the  cathode- 
material  shown  In  Pig.  1^  Is  relatively  small  and  many  electrons 


Pig.  13. — BKperlmental  scheme. 

supplied  throu^  Ionization.  Electrons  most  travel  back  and 
forth  many  times  along  the  lines  of  magnetic  field  before  their 
energy  allows  them  to  leave  the  Interaction  spsuse  between  cathode 
and  anode. 

As  the  first  approxlawtlon^  the  electrons  within  a  volume 
elsment  bounded  by  two  surfaces  of  revolution  defined  by  two  ad¬ 
jacent  curved  field-lines >  which  penetrate  the  cage-hole  and  are 
rotated  about  the  axis  of  symnetry,  may  be  assuaed  to  be  In  an 
egulllbrlimi  state.  Their  density  distribution  along  field  lines 
may  be  expressed  as 

n  -  n^  exp  [^  -  e  0  (^)AT  j  >  (3) 
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(VI.  PARTZCLB  mcnosis  WISH  CAGBS) 
where  n.  Is  the  density  at  the  center  of  the  above  voltsse  elesrant 
and.  0  (<^)  is  the  potentlsd  for  electron  (positive)  in  reference 
to  the  center  of  the  saae  slsnent  at  the  distance  L  froei  the 
reference  point.  If  the  velocity  distribution  is  Maxwellian,  n^ 
should  be  expressed  by  the  following  relation,  as  far  as  the 
dependence  on  the  kinetic -energy  coeiponent  parallel  to  field  lines 
is  concerned: 

Uq  -  I(T)  exp  i  -Vjj  /kT)  dW^^  (k) 

where  Vyy  means  the  ccsiponent  of  the  energy  parallel  to  the  field 
and  1I(T}  is  a  function  of  temperature. 

When  the  cage  is  biased  by  -V^  in  reference  to  the  cathode 
potential  and  the  cathode  is  at  a  potential  -0  (Iq)  relative  to 
the  center  of  the  volose  element,  the  contribution  to  the  cage 
current  from  the  same  element  is  proportional  to  the  following  in¬ 
tegral,  which  is  easily  derived  from  consideration  of  B<i8.  (3) 
and  (k): 

Icage'*^  exp  [-  e  0  (^)/kT]  J  exp(  -  Wyy  /kT)  d  Wyy 

[n(t)/t]  exp  [  -  e  0  (iQ)/kT]  exp  [-  e  Yj^/kT]  (5) 

Tbie  above  expression  peralts  the  usual  sethod  for  the  neasure- 
■ent  of  the  electron  temperature.  The  only  reqalrement  is  to  get 

the  I  _-V,  characteristics. 

cage  D 

It  has  been  implicitly  aesmed  that  the  impressed  voltage 
between  anode  and  cathode  is  constant  with  time.  Bven  if  the  in¬ 
stantaneous  anode  voltage  changes  with  time  slowly,  ccmpsired  to 
the  period  of  the  electron  motion  along  the  maigaetic  field  (so 
that  the  distribution  of  electrons  changes  with  time),  the  pro¬ 
portionality  between  and  exp  -^eV^/kTj  never  changes;  but 

the  proportionality  coefficient  of  Sq..  (3)  antst  be  replaced  by  an 
appropriate  integral  value  averaged  with  time. 

If  the  secondsoy-emlssion  yield  of  the  cathode  material  Is 
quite  high  and  a  hl^  vaeutas  is  used,  secondary  electrons  cosqprlse 
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(VII.  CAOI-CURRIR  (aURACIIRISnCS) 
tvo  groups.  One  is  the  true  seeondsry  group  and  the  other  Is  the 
redlffused  electron  grotqp.^^  True  secondary  electrons  usually 
have  low  energy  helow  a  few  tens  of  electron  volts  and  their  energy 
distribution  is  nearly  independent  of  the  energy  of  the  prinary 
electrons.  Thus  these  electrons  would  be  eiqieeted  to  constitute  a 
low-tenperature  group  of  electrons.  The  others,  redlffused 
electrons,  have  usually  energies  of  the  seae  order  as  the  prlaaries 
and  the  directions  of  their  velocities  are  strongly  scattered; 
these  electrons  tend  to  constitute  a  hl^  kinetlc-teuperature  group. 
Strong  bunching  action  nay  prosK>te  temperature  equalization  between 
the  two  groins. 

Seme  consideration  should  be  given  to  the  relaxation  time  in 
idiich  the  particles  interact  with  each  other  throui^  two-particle 
interactions.  The  result  of  a  calculation  using  the  relations 
given  by  Spltzer^  indicates  that  the  relaxation  time  is  smch  too 
long  to  be  of  any  use  for  plasms  heating  by  neans  of  a  P.I.O.- 
discharge.  Thus  if  we  are  to  achieve  pi  seme  heating  in  a  P.I.O. 
discharge  it  must  be  done  throujdt  a  collective  Interaction  similar 
to  that  described  above. 

Vn.  CACB-CORRIirF  CBABACTKRISTICS 

For  investigating  the  effect  of  a  bias  voltage  on  the  current 
to  a  probe,  a  cage  is  to  be  preferred  to  a  filament,  because 
secondaries  are  ellsdnated,  and  because  the  effective  surface  area 
does  not  change  appreciably.  The  wave  patterns  on  the  oscilloscope 
for  the  cage  potential  are  similar  to  those  for  the  anode  noise  in 
n.g.  10  (a)  to  (e),  and  they  do  not  change  appreciably  according 
to  whether  the  anode  condenser  is  Inserted  or  not. 

^rplcal  examples  for  the  no-bias  cage-current  characteristics 
are  shown  in  Fig.  l6.  If  the  anode  voltage  is  increased  from  sero 
for  a  fixed  magMtic  field  (the  current  of  the  coil  is  fixed),  the 
current  at  Gage  2,  which  is  farther  from  the  center,  builds  up  at 
first  and  then  decreases.  The  hli^r  voltage  is  reqialred  for  the 
buildlng-t9  of  the  Ghge  1  current  as  well  as  for  that  of  the  flags  2 
current,  eorrespondlag  to  the  hLgaar  maga^ie  field.  This  tendency 
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Fig.  l6.— Ckgt  current  vu  voltage  for  (88-2.4). 


(VII.  CACBi-CURREirC  CSARACTBRISTICS ) 
suggests  tbat  the  jath  of  the  P. I. 0. -discharge  current  along  the 
BUignetlc-fleld  lines  swy  be  nodlfled  a  little  by  the  circulating 
electron-beaai  current.  A  slaple  calculation  shove  that  the  abso¬ 
lute  value  of  the  field  cawed  by  the  circulating  current  aisounts 
to  only  a  fraction  of  1  par  cent  of  the  exteimlly  applied  field. 
However,  the  percentage  may  Increase  appreciably  If  only  the  radial 
ccnponent  of  the  field  Is  considered,  which  Is  mainly  responsible 
for  the  curvature  modification.  Shis  ]^enoaienon  makes  the  measure¬ 
ment  of  the  electron  tssqperature  difficult. 

figure  17  plots  the  cage-current  characteristics  versus  mag¬ 
netic  field,  and  also  illustrates  the  effect  of  the  cage  bias 
voltage.  It  can  be  easily  seen  that  a  hl^  electron  kinetic 


B(gau8s) 

Pig.  17.— Gage  current  vs  magnetlo  field  for  (SS-2.h). 
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tanqptratiu^  is  produced  at  specific  values  of  both  low  and  hlc^ 
magnetic  field. 

SoBM  examples  of  the  bias-volts^  depeadeiice  of  the  cage 
current  are  shown  in  llg.  18,  where  the  electron  kinetic  tSBV*ra- 
tures  are  circulated  from  the  curve  slopes  and  recorded.  Ihe 
values  of  tlM  electron  tinperature  and  the  cage  current  at  aero 
bias  voltage  allow  the  approximate  estimate  of  the  position  where 
the  interaction  between  electrodes  takes  place,  if  the  electron 


(Vin.  ELBCTROn  khietic  temfiraiiiri) 
density  «t  the  place  is  assused  to  be  around  the  same  as  that  for 
a  laminar-flow  state  (for  example,  see  Ref.  3)«  results  are 
also  recorded  in  n.g.  l8  In  tems  of  0,  which  expresses  the  ratio 
of  the  potential  at  the  Interaction  place  (where  the  cage  current 
originates)  to  the  anode  potential,  with  the  cathode  potential 
taken  as  zero.  A  hlc^r  temperature  for  a  given  anode  voltage 
corresponds  to  a  larger  value  of  0.  However,  the  position  Is  still 
always  In  the  vicinity  of  the  cathode  for  the  (SS-2.h)  device. 

Similar  values  of  0  are  obtained  from  the  data  for  the  (SS-l.l) 
device,  for  which  the  cage  current  was  observed  only  In  the  hl^d^r 
magnetic-field  region.  As  for  the  (AI-2.A5)  device,  the  values  of 
0  are  found  to  be  less  than  about  O.16.  This  result  Indicates  that 
the  turbulence  occurs  near  the  cathode.  Ihese  results  are  consistent 
with  a  slipping- stream  hypothesis. 

VIII.  ELBCTROH  KHIETIC  TEMFmTURE 


Hie  electron  kinetic  temperature  measured  with  the  cage 
current  Is  particularly  Interesting  If  attention  is  directed  to 
the  possibility  of  plasma  heating.  An  electron  may,  for  example, 
get  a  sufficiently  hl^  kinetic  energy  for  fusion  purposes  when  it 
movet  sQong  the  curved  field  Unas  of  a  PIO  discharge.  Some  fund¬ 
amental  Infoimation  related  to  this  possibility  will  be  given  below. 

A  typical  exasqple  of  the  magnetic-field  dependence  of  the 
temperature  under  fixed  anode  voltage  Is  Illustrated  In  Hg.  19  > 
where  two  conspicuous  peaks  are  found.  One  of  the  peaks  Is  found 
In  a  low*  magnetic-field  region  and  the  other  Is  In  a  region  of 
hl|^  field.  Ihls  tendency  Is  the  sasw  m  the  I-V  and  noise  char¬ 
acteristics  described  previously.  (Ibr  exaaqple.  Fig.  9  was  obtained 
undervexy  similar  conditions. ) 

Bie  peak  in  the  lower  field  region  Is  usually  observed  at  a 
point  close  to  the  peak-noise  condition,  which  Is  found  If  the 
anode  condenser  Is  not  Inserted.  9m  hl|d>^-tsmparature  and  noise 
peaks  never  coincide,  however,  which  can  be  eiqplaiaad  by  the  fact 
that  the  hl|^-voltaga  anode  noise  causes  the  eleotrcns  to  be  drained 
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(vnz.  KucntoH  kubtic  ibcpbraiurb) 


B(gMU0) 

llg.  19.— NftgMtlc-fl«ld  dspendtitc*  of  electron 

toqpermtTire  \inder  •  fixed  anode  voltage. 

out,  ao  that  the  tiae  refolred  for  an  electron  to  get  to  a  hl|^ 
teaperature  ttarou^^  natual  interaction  is  redneed.  Several  coapar- 
isons  between  the  teaperatures  aeasured  with  and  vltbont  tbe  axiode 
condenser  were  aade  and  tbe  result  shows  that  no  appreciable 
difference  Is  found  between  thea.  A  little  difference  is  found, 
however,  between  the  tssperatures  swasured  with  different  cages. 

Ihe  peak  tsaperature  found  la  the  lower  aaguetlc-fleld  region 
Is  plotted  In  llg.  20,  which  also  shows  the  corresponding 
characteristics.  The  data  Include  those  taken  with  and  without 
the  anode  condenser.  She  characteristic  corresponds  approxl- 
nateljr  to  ■■  constant,  as  pointed  out  In  the  previous  section 

coneemlng  the  anode  noise.  Ihe  peak  value  of  Increases 
approKlaately  linearly  with  anode  voltage.  A  sharp  tssq^erature 
peak  Is  one  of  the  features  for  the  tssqperature  characteristic 
In  the  lower  field  region. 

A  broad  peak  Is  observed  In  the  hl^Mr  field  region.  Oils 
broad  peak  characterlstlo,  as  previously  discussed,  nay  be  canaed 
b]r  a  variable  plaws  layer  which  changes  the  effective  separation 


(VIII.  ELECIROI  KmflC  lOlFBUXaiDB) 


i 


(VIII.  KUCTROI  KHRIC  IBOPIRAZaRl) 
dlstaact  bctwra  anodt  and  cathoda. 

SoBt  of  the  data  of  tha  alwliw  eathoda  ara  lUuatratad  la 
liga.  21  and  22.  Ihay  ara  axaaples  of  tha  cfaaraetariatles  with  a 


n.g.  21.— Aaoda-evrraat  dapandanea  of  alaetron^ 
tanaratnra  for  Al-oathoda. 


fig.  22.— Aaoda-voltagi  dapandanea  of  alaetroa 
taaiparatnra  for  Al-eathoda. 


-  29  - 


(n.  CAfBOSB  DISSIFATKW} 

fixed  aegnetlc  field.  She  curve  for  156  geuee  ehove  that  the  peak 
temperature  appeara  at  the  threahold  of  a  strong  uagnetrou-aetioB 
(that  ie,  the  current  increases  owing  to  strong  ordered  notion), 
but  the  tenperature  does  not  increase,  probably  because  the  high- 
temperature  electrons  are  rea»ved  before  their  tenperature  can 
increase  any  further.  The  difference  between  the  tenperatures 
observed  with  different  cages  is  not  significant. 

The  correlations  anong  anode  noise,  frequency  spectra  for 
tungsten-filament  noise,  no-bias  cage-current  characteristics,  and 
electron-kinetic  temperature  show  that  a  single  phenoewnon  is 
probably  responsible  for  all  effects,  and  that  this  phenomenon  can 
be  interpreted  in  texms  of  bunching  action. 

Additional  evidence  for  the  coincidence  between  a  hied*  kinetic 
tea^rature  and  a  strong  bunching  action  is  provided  from  the  data 
of  a  device  with  rf  anode  structure  and  Al-cathode.  It  was  easier 
to  obtain  a  hl^  kinetic  temperature  for  the  device  with  an  rf 
structure  than  for  the  one  with  a  anooth-bore  autode,  which  can  be 
correlated  with  the  fact  that  bunches  are  more  easily  fozmed  idien 
an  rf  structure  is  present. 

IX.  CATHODE  DISSIPAnOE 

The  power  dissipated  at  the  cathode  and  the  anode  were  measured 
by  observing  the  Increase  in  tssv*nitttre  of  the  cooling  water. 

Because  of  the  variability  of  the  water  flow  and  the  comparatively 
msall  amount  of  energy  loss,  rellsble  data  are  scarce  for  the 
(SS-2.4)  device.  They  are  tabulated  in  Thble  2.  The  rate  of  the 
cathode  dissipation  is  usually  of  the  order  of  kO  per  cent  and  is 
clearly  hl^er  for  the  peak  electron-tsmperature  condition  described 
in  Tig.  20. 

As  for  the  (SS-l.l)  device,  the  results  are  shown  in  llgs. 

23  and  2k.  If  the  observation  is  made  under  a  fixed  anode  current, 
the  different  states  of  operation,  corresponding  to  the  different 
hwips  of  n.gs.  5  and  6  curves),  have  different  rates  of  the 

cathode  dissipation.  Along  the  curve  corresponding  to  one  particular 
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(EC.  CATHODE  DISSIPATIOH) 


Pig<  23< — Cathode  dissipation  vs  magnetic  field  for  (SS-l.l) 


B  -  1250  gaiiss 


Fig.  24.>-Gatliodis  dissipation  vs  currant  and  prassura 
for  (SS-l.l). 
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(X.  OPfZNIZAflOH  OP  ELECTRON  SEIP  INTBIUCItOV) 


TABLE  2.- 

—Cathode  dissipation  for  (SS-2.4). 

V. 

B 

Cathode  heat 

P 

d 

Total  heat 

(kv) 

(gauss) 

(*) 

(am  of  Hg) 

2k 

438 

47.4 

-4 

2.2  X  10 

2k 

488 

42.4 

2.2  X  10"*^ 

28 

500 

47.2 

2.2  X  lO"**^ 

28 

519 

41.2 

2.2  X  10“*^ 

2k 

475 

44.3 

2.4  X  10"^ 

2k 

_ i 

313 

_ i 

37.6 

4.8  X  10"^ 

■ode,  the  rate  of  the  cathode  dissipation  saounts  to  70  per  cent. 

The  regions  of  hiflh  cathode  dissipation  (Fig.  25)  are  corre¬ 
lated  to  the  regions  of  high  tes^rature  (Fig.  2l).  For  the 
alxsiintM  cathode,  the  rate  of  cathode  dissipation  is  quite  low,  of 
the  order  of  a  few  tens  of  1  per  cent.  In  other  words,  a  hishwi* 
yield  of  secondary  salsslon  froa  the  cathode  corresponds  to  a 
lower  voltage  and  therefore  correspondingly  lower  turbulent  velo¬ 
cities  . 

Figures  23  and  25  both  indicate  that  the  aaffietroa  (q^ration 
■ay  take  place  in  quite  different  space-charge  configurations  at 
the  different  regions  of  the  wignetlc  field.  The  critical  values 
of  the  field  nay  depend  on  the  device  itself. 

X.  OPTIMIZATION  OF  THN  SEIF-INTERACTION  OF  THE  EUBCIROIIS 

A.  SmFU  TEIORT  FOR  OFTINOI  ANODE  VOLEACB  AID  NACHETIC  FULD 
FOR  THE  SELF-INIBRACCION  OF  BUBCTRON  BEAM 

The  guiding  center  of  an  electron  obeys  two  kinds  of  aotlon: 
a  drift  perpendicular  to  the  crossed  field  (with  a  velocity  pro¬ 
portional  to  V^/B)  and  a  P. 1. 0. -discharge  ■otlon  along  the  field 
lines  (for  which  the  osoiUatlon  period  is  inversely  proportional 
to  Vv^  ).  Since  charge  aectamlatlon  is  necessazy  for  a  strong 
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(X.  OPTIMIZATION  OF  ELECTRON  SELF  INTERACTION) 


Interaction  of  the  electrons,  it  may  be  retjolred  for  an  electron 
to  travel  as  long  a  distance  as  possible  while  It  stays  at  the 
active  Interaction  space.  In  other  words,  the  product  of  V./B 

-1/2 

and  '  should  be  as  large  as  possible,  unless  otherwise  limited. 

The  resulting  factor,  V  V^/B,  Is  easily  found  to  be  proportional 

to  >  where  r^  Is  the  cyclotron  radius  for  electrons  In  the 

Interaction  space  with  no  space  charge. 

A  second  requirement  Is  that  the  total  volume  occupied  by 

electrons  should  be  made  m  Isurge  as  possible.  Clearly  the  volume 

occupied  by  guiding  centers  Is  proportional  to  (d  -  2r^),  where 

d  Is  the  separation  distance  of  the  electrodes. 

We  therefore  expect  the  maximal  Interaction  when  the  product 

'^fr  (d  -  2r  )  Is  maximized.  Thus  the  following  relation  Is 
c  c 

Introduced  for  the  optlaan  Interaction: 

r^  ■  d/6  (6) 
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which  reduces  to 


(X.  OFXZNIZATIQV  OF  ELBCIROH  SEIF  TWOOkCTiaK) 


vher«  ‘7  ■  e/n.  Om  voltage  given  ty  Eq..  (?)  corresponde  to  one 
third  of  the  cutoff  voltage  of  a  planar  aiagnetron.  Equation  (6) 
can  also  be  written 

d  ■  6  r  ^  2*  r 
c  c 

As  has  been  described  In  Sec.  Y,  the  distance  between  bunches  aay 
be  of  the  same  order  as  the  separation  distance  between  electrodes. 
Equation  (6)  gives  the  condition  that  the  bunch  distance  Is  approxi¬ 
mately  equal  to  the  length  of  the  cyclotron  clrcxmiference  of  an 
electron. 

A  comparison  of  the  theory  with  the  experimental  results  Is 
shown  In  Fig.  26.  The  peak  electron  temperature  (from  Fig.  20) 

Is  assuaed  to  be  a  neswure  of  the  peak  Interaction. 

B.  RELEVAXCE  OF  IHB  ISBORr  OF  CROSSED-FIBLD  lOBBS  VJTE  HKLCK.  BEAMS 

According  to  the  theory  of  the  dlocotron  effect  for  a  slipping 
12 

bean  the  rate  of  growth  of  a  disturbance  with  distance  Is  a 
maximal  for  the  approximate  condition 

^  a  0.8  (8) 

^b 

idiere  a  is  the  beam  thickness  and  Is  the  wavelength  of  the 
growing  space-charge  wave. 

Fbr  an  estimate  of  a  ,  tlM  space-charge  picture  in  a  laminar- 
flow  state  may  be  considered.  As  has  been  described  In  Sec.  X-A, 
the  optimal  anode  voltage  Is  about  l/3  of  the  cutoff  voltage. 

Older  this  condition,  a  Is  rouc^ily  equiLL  to  r  ,  the  eyelotran  radius 
in  the  Interaction  space  without  space  charge;'^  may  be  asswed 
to  be  approximately  eq]ual  to  d.  With  the  above  considerations  we 
derive  from  Eq.  (8)  the  relation  between  the  anode  voltage  and 
magaetic  field  for  maximni  growth : 


(X.  OFFINIZATIOK  OF  liLBCTBOH  SELF  HRXRACXZOM} 


Ihe  result*  calculated  from  Eg.  (9)  are  also  shown  In  Fig.  26. 
Good  agreenent  with  the  experlaental  data  Is  found,  despite  the 
fact  that  the  assumptions  were  based  on  a  planar  magnetron  model. 


0  10  20  30 

V^(kv) 

Fig.  26. —Optimum  relation  between  amd 
for  magnetron  action. 

C.  AN  APPLICATION 

Ibe  preceding  results  give  a  method  for  the  determination  of 
the  operating  voltage  and  magnetic  field  In  the  lower  smignetic-fleld 
region.  Suppose  the  rf  structure  has  a  resonant  freguency  of  f 
and  a  space -charge  wavelength  which  la  determined  by  the 

periodicity  of  the  rf  structure.  The  synchronism  condition  for 
the  electron  drift  velocity  gives  approxtaately 

and  In  accordance  with  Eg.  (9) 

-  (0.8/2«)  Tfd^ 
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(XI.  CONCLUSION) 

The  above  expressions  determine  the  optimum  and  B  for  a  given 

structure.  (Though  best  operation  is  expected  for  the  structure 

with  X  =  d,  where  d  is  the  anode-cathode  spacing,  the  voltage 
s 

and  magnetic  field  can  be  optimized  even  when  this  condition  is 

not  satisfied.  )  A  relatively  successful  anode  structure  has  been 

designed  at  this  Laboratory  for  which  f  =  1^5  Me,  X  =5*8  cm, 

a  s 

and  del  cm.  The  formulas  give  B  =  38O  gauss  and  =  3-2  kv  as 

the  result  from  the  above  relations,  These  values  coincide  well 

2 

with  the  optimum  operating  condition  obtained  experimentally. 

XI.  CONCLUSION 

The  use  of  a  stainless-steel  cathode  has  provided  a  better 
understanding  of  cold-cathode  magnetrons. 

The  kinetic  temperature  of  the  electrors  In  the  space-charge 
sheath  of  a  plasma  magnetron  appears  to  be  produced  mainly  by  the 
turbulence  due  to  the  dlocotron  effect,  wnach  leads  to  the  formation 
of  bunches.  Calculations  indicate  that  scattering  owing  to  collisions 
is  not  sufficient  to  rcuidomize  the  ordered  motion  of  the  P.I.G. 
dlscbGurge. 

There  are  at  least  two  kinds  of  modes  with  which  the  electrons 
cam  achieve  a  pecik  kinetic  temperature.  One  mode  is  related  to  a 
relatively  low  magnetic  field.  Equation  (?)  or  (9)  gives  the 
optimum  relations  among  the  anode  voltage,  the  magnetic  field,  and 
the  electrode  separation.  The  other  mode  is  concerned  with  a 
relatively  higher  magnetic  field,  where  the  cyclotron  radius  of 
an  ion  decreases  appreciably,  so  that  a  plasma  may  be  formed  above 
the  surface  of  the  cathode,  and  the  optimum  voltage  is  approximately 
proportional  to  the  magnetic  field. 

The  conditions  for  peak  temperature  are  intimately  related 
to  bunch  formation  and  maximum  magnetron-type  amplification. 

The  wavelength  of  the  space-charge  wave  In  the  Interaction  space 
Is  found  to  be  the  same  as  the  separation  dlsteince  between  electrodes. 

It  has  been  proved  experimentally  that  the  previous  theory 
for  the  growth  of  a  space-charge  wave  owing  to  the  dlocotron 
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(XI.  coxausioH) 

effect  for  a  thick  slipping- stream  beam  gives  accurate  results. 

Sxifficient  secondary  emission  can  lover  the  operating  anode 
voltage  for  a  given  current.  If  the  rf  structure  of  the  anode 
does  not  coincide  with  the  mode  of  the  smooth  cylindrical  structure  ^ 
it  may  be  expected  that  some  Jump  phenomena  betveen  modes  occur , 
which  correspond  to  bumps  in  Figs.  ^  and  6. 

Dxere  are  still  some  important  problems  to  be  considered 
before  either  of  the  electrodes  can  be  replaced  with  a  plasma  for 
the  purpose  of  studying  an  ion-sheath  that  mig^t  exist.  The  mode 
in  the  higher  magnetic -field  region  has  not  been  explored 
sufficiently  because  of  the  limitation  of  the  voltage  or  the 
magnetic  field  available.  The  higher  magnetic-field  region  is 
probably  the  more  interesting  one  with  respect  to  plasma  confine¬ 
ment  problems. 
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